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Whether the South China block (SCB) occupied an external or internal position in the Rodinia 
supercontinent remains controversial. The external model favors an accretion orogenic amalgamation 
setting, whereas the internal model assumes postcollisional extensional rifting in the Neoproterozoic. 
Recent geochronological data suggested that the SCB was assembled from several ancient nuclei or 
microcontinental fragments with various origins and geological histories during the early Neoproterozoic, 
and supported the external position model for the SCB in Rodinia. However, whether these ancient 
continental nuclei are hidden in the crust requires direct constraints such as those from seismic 
tomography. In general, these early ancient continental relicts preserved in the present-day crust tend to 
be characterized by high strength, high velocity, and weak attenuation. Compared with velocity, seismic 
attenuation tends to be more sensitive to ancient rigid continental fragments. Here, we constructed a 
high-resolution broadband crustal Lg attenuation model for the SCB and explored the existence and 
scale of the ancient continental fragments potentially hidden in the deep crust. Four extremely weak 
attenuation anomalies in the SCB indicate potential locations of these ancient continental relicts in the 
crust; one is in the Sichuan basin and the other three are beneath the Cathaysia block. The three 
ancient continental relicts in the Cathaysia block, which are closely corresponding to early surface 
lithological records, provide seismic evidence supporting an external position for the SCB in the Rodinia 
supercontinent.

© 2023 Elsevier B.V. All rights reserved.
1. Introduction

The Archean continental nuclei originated from oceanic plateaus 
formed by mantle plumes or island arcs via oceanic subduction 
(e.g., Zhu et al., 2021). These Archean continental nuclei grew 
under the intra-oceanic and continental margin arc systems and 
formed the present unified continents (e.g., Kusky and Wang, 
2022). However, the unified block may also have been broken up 
along continental rifting areas due to intense extension (e.g., Brune 
et al., 2022). For example, eastern Africa may split into a nascent 
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microcontinent or continental nuclei along the continental rift-
ing system in the future, where these microcontinents may share 
similar geological records (Biggs et al., 2021). For the SCB, sev-
eral ancient continental nuclei or microcontinental fragments have 
been recognized from geochronology data (e.g., Shu et al., 2021; Yu 
et al., 2010). It is speculated that they were derived from fragment 
amalgamation along the margin of Rodinia with different early tec-
tonic records (Cawood et al., 2017; Wang et al., 2014; Yao et al., 
2017) or breakup from the early Rodinia supercontinent sharing a 
similar tectonic evolution and recording common tectono-thermal 
events (Li et al., 2002; Shu, 2006). These ancient continental nuclei 
are sometimes difficult to destroy; thus, they might be preserved 
as relict continental fragments underlying the modern crust (e.g., 
Lee et al., 2011). Combining surface geological data and deep phys-
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ical properties from geophysical observations can help us refine 
these ancient continental relicts from the current associations and 
provide further constraints to trace early tectonic activities in the 
SCB (e.g., Cawood et al., 2020).

The SCB, located in the southeastern part of the Eurasia con-
tinent, consists of the Yangtze Craton and the Cathaysia block, 
and these two blocks were consolidated along the Jiangnan oro-
gen during the Neoproterozoic (Fig. 1a) (e.g., Wang et al., 2013; 
Zhao and Cawood, 2012). Due to intense orogenesis and magma-
tism by Paleo-Pacific subduction during the Mesozoic, the SCB is 
covered by widespread igneous rocks with sparse Precambrian out-
crops (Fig. 1b). Previous studies on detrital and xenocrystal zircons 
suggested that several Archean continental fragments with various 
origins and distinct geological histories exist in the SCB crust, in-
dicating the SCB may be located along the margin of the Rodinia 
supercontinent (e.g., Cawood et al., 2017; Wang et al., 2014; Yu et 
al., 2010). Based on the detrital zircon data, Yu et al. (2010) consid-
ered that the Cathaysia block was divided into two distinct ancient 
nuclei or microcontinents during the Neoproterozoic, i.e., the Wuy-
ishan terrane to the northwest and the Nanling-Yunkai terrane to 
the southwest. Shu et al. (2021) divided the Cathaysia block into 
three ancient continental fragments named the Wuyishan, Nanling, 
and Yunkai terranes based on their ages and compositional char-
acteristics; the Wuyishan terrane is the oldest, and the Nanling 
and Yunkai terranes have similar ages. They speculated that the 
Cathaysia block formed by westward expansion from the Wuyishan 
nucleus to the Nanling and Yunkai terranes during the Neoprotero-
zoic. Therefore, whether these ancient continental nuclei exist in 
the Cathaysia block and their potential distributions in the current 
deep crust need more constraints from geophysical observations.

After multiple tectonic evolution stages, these ancient continen-
tal nuclei may remain in the deep crust and be characterized by 
low tectonic activity, high strength, low temperature, and hence 
high seismic velocity and low seismic attenuation (e.g., Fan and 
Lay, 2002; Paul and Ghosh, 2019). Therefore, seismic tomography 
can be effective in investigating potential ancient continental nu-
clei. For example, the S-wave velocity tomography imaged a high-
velocity zone in the western part of the Yangtze Craton, probably 
indicating the location of an ancient continental nucleus in the 
deep crust (e.g., Zhou et al., 2012). However, it is difficult to depict 
the ancient continental fragments in the Cathaysia block against a 
high-velocity background, even with a high-resolution velocity to-
mography (e.g., Zhou et al., 2012). Compared with seismic velocity, 
seismic attenuation reflects the anelasticity and scattering prop-
erties of the Earth’s interior, is more sensitive to the rheological 
strength, and can provide effective constraint on the distribution 
of ancient continental relicts (e.g., Kampfmann and Berckhemer, 
1985; Mitchell, 1995). For instance, Chen and Xie (2017) devel-
oped an 1.0 Hz Lg-wave attenuation model for the SCB, found that 
the Wuyishan terrane is characterized by weak attenuation, and 
suggested that there may exist the Precambrian basement.

Lg-wave is the most prominent seismic phase in regional seis-
mograms and can be considered as the superposition of supercriti-
cally reflected shear waves or a sum of high-mode surface waves in 
the crustal waveguide (e.g., Kennett, 1986; Knopoff et al., 1973). By 
sampling the continental crust, the Lg-wave amplitude decay can 
measure the crustal attenuation and to infer the thermal status, 
the scattering effect and rheological strength (e.g., He et al., 2021). 
The Lg-wave attenuation can be quantified by the dimensionless 
quality factor QLg, which denotes the fractional energy loss per cy-
cle (e.g., Phillips et al., 2005). In general, an old, cold, rigid, and 
stable geoblock tends to be characterized by high Q (weak attenu-
ation), whereas a younger, hotter, softer, and active geoblock often 
has low Q (strong attenuation) (e.g., Fan and Lay, 2002; Mitchell 
and Hwang, 1987). However, limited by the available data, previous 
QLg results often have low resolution and in a narrow frequency 
2

band near 1.0 Hz (Chen and Xie, 2017; Hearn et al., 2008; Phillips 
et al., 2005). In this study, benefited from the dense broadband 
network and data accumulated during the last couple of decades, 
we developed a high-resolution broadband Lg attenuation model 
for the SCB and surrounding areas. The QLg frequency dependency 
is highly complex. Both the intrinsic and scattering mechanisms 
contribute to the attenuation, and both are frequency dependent 
(e.g., Sato et al., 2012; Wu et al., 2000). More important, the Lg-
wave propagation is highly affected by the waveguide structure, 
including the reflectivity and roughness of the free surface and the 
Moho discontinuity, sudden change of the crust thickness, etc (e.g., 
Zhang and Lay, 1995). Lg waves of different modes can couple with 
each other or even be blocked. All these are frequency dependent 
phenomena. Therefore, the QLg is not simply a medium Q, instead, 
it is an apparent Q mixed the frequency dependencies from the 
medium and the waveguide structure. Under this circumstance, in-
vestigating the Lg attenuation in a broadband can provide more 
constrains on the property and structure of the underlying pro-
cesses than just using a narrow band Q (e.g., He et al., 2021; Wu et 
al., 2000; Zhao et al., 2013). In this study, we will combine lateral 
variations of broadband Lg attenuation in the study region with 
other geological, geophysical, and geochronological data, to explore 
the distribution of potential ancient continental relicts underlying 
the SCB.

2. Data and method

We collected 59, 811 broadband vertical component seismo-
grams generated by 218 crustal earthquakes that occurred in the 
SCB and surrounding areas between January 2000 and November 
2018 with epicentral distances (i.e., the distance from the earth-
quake to the seismic station) ranging from 200 to 3000 km. These 
seismograms were recorded by 580 regional broadband seismic 
stations, which included 44 stations from the Incorporated Re-
search Institutions for Seismology (IRIS) Data Management Cen-
ter and 536 stations from the China Earthquake Network Center 
(CENC) (Figs. 1a, S1). All earthquakes used in this study occurred 
within the crust with focal depths shallower than the Moho dis-
continuity given by the CRUST 1.0 model (Laske et al., 2013). To 
guarantee the quality of observed Lg-waves and avoid the effect 
from large earthquake rupture, we chose earthquakes with their 
magnitudes between 3.5 and 6.0 (e.g., Zhao et al., 2013). To obtain 
better seismic ray coverage, we attempted to select earthquakes as 
evenly distributed as possible. We also required that each station 
recorded at least three events and each event was recorded by at 
least three stations to ensure sufficient constraints on the source 
function and site response (e.g., Zhao and Xie, 2016). As an ex-
ample, Fig. 2a illustrates selected seismograms from an earthquake 
that occurred in the Sichuan Basin.

The data preprocessing was conducted following the procedure 
proposed by Zhao et al. (2013). First, the Lg waveform was ex-
tracted using a group velocity window between 3.6 and 3.0 km/s. 
We also applied time windows of the same length before the first 
P-wave and Lg-wave to pick the pre-event and pre-Lg noise. Co-
sine tapers of 10% window length were added to both ends of 
these time windows, followed by calculating the Fourier spectra of 
the Lg-wave, and pre-event and pre-Lg noises (Figs. 2b and 2c). To 
obtain the broadband QLg model, the Lg-wave and noise spectral 
amplitudes were sampled at 58 reference frequencies log-evenly 
distributed between 0.05 and 10 Hz. Then, the signal-to-noise ra-
tios (SNR) for both the pre-event and pre-Lg noise (Figs. 2d and 
2e) were calculated at individual frequencies. The Lg amplitudes 
with pre-event SNR higher than 2.0 and pre-Lg SNR higher than 
1.0 were selected (e.g., He et al., 2021). These SNR thresholds can 
ensure the Lg data quality and remove data potentially dominated 
by the Sn coda. Assuming the seismic record is composed of both 
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Fig. 1. (a) Topographic map showing the southeastern margin of the Eurasian continent. The superimposed are major block boundaries (black lines), seismic stations from the 
China Earthquake Network Center (CENC) (triangles) and Incorporated Research Institutions for Seismology (IRIS) (squares), and earthquakes for QLg estimation (red crosses). 
The study region is shown by the gray rectangle. (b) Distribution of rocks from several typical stages in the SCB and surrounding areas (Ye et al., 2017). The Archean crustal 
remnants identified by zircon U–Pb ages are taken from Zhang and Zheng (2013). The abbreviations are CB, Cathaysia block; CDB, Chuandian block; HM, Himalaya block; HN, 
Hainan Island; ICB, Indo-China block; JNO, Jiangnan orogen; JSF, Jiujiang-Shitai buried fault; JSPF, Jiangshan-Shaoxing-Pingxiang fault; LH, Lhasa block; LMSF, Longmenshan 
fault; NCC, North China Craton; OB, Ordos Basin; QB, Qaidam Basin; QDO, Qinling-Dabie orogen; QM, Qilian Mountains; QT, Qiangtang block; RRF, Red River fault; SB, Sichuan 
Basin; SGB, Songpan-Ganzi block; TW, Taiwan; YC, Yangtze Craton; ZDF, Zhenghe-Dapu fault.

Fig. 2. (a) Selected seismograms from an earthquake occurred on 2010/01/30 in the Sichuan Basin. Normalized vertical-component velocity records filtered between 0.05 and 
10.0 Hz are aligned by the origin time and epicentral distances. The colors illustrate the group velocity windows of the Lg-waves (orange), and pre-event (gray) and pre-Lg 
(light blue) noise windows. The inset map shows the great circle paths from the epicenter (red star) to stations (white triangles). (b-g) The data processing procedure for 
two sample seismograms recorded by stations YPT and SNQY, including the Fourier spectral amplitude for Lg-wave and noise spectra (b and c), signal-to-noise ratios (d and 
e), and the Lg signals after corrected by pre-event noise (f and g).
signal and noise, and the noise is stationary and uncorrelated with 
the signal (Ringdal et al., 1992), we can remove the pre-event noise 
from the observed spectra and obtain the Lg-wave spectral ampli-
tude (Figs. 2f and 2g).

After the data pre-processing, we obtained single-station ampli-
tudes from the observed Lg-wave spectra, from which two-station 
spectral ratios can be calculated and the source effects can be 
eliminated. Combining both the single- and two-station data, a 
joint inversion system can be established to obtain the attenu-
ation (Zhao et al., 2013; Zhao and Xie, 2016). By including the 
single- and two- station data, we can ensure the ray coverage and 
3

reduce the trade-off between the source effects and attenuation 
(Figure S2). The Least Square QR factorization algorithm (Paige and 
Saunders, 1982) with regularization, damping, and smoothing was 
employed to solve the joint inversion system and calculate the QLg

model, the source excitations (Figure S3 and Table S1), and the site 
responses (Figures S4 and S5) at 58 discrete frequencies. For details 
of the inversion method refer to Text S1 in the Supplementary In-
formation. After the joint inversion, the root mean square (RMS) of 
residuals is significantly reduced (Figure S6). The distribution of fi-
nal residuals tends to be Gaussian with a zero mean and a much 
smaller standard deviation (Fig. 3). The unresolved residuals may 
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Fig. 3. Distributions of residuals between the observed Lg data and amplitudes predicted by the theoretical attenuation models before (gray) and after (blue) the inversion at 
selected frequencies, with (a) 0.5, (b) 1.0, (c) 1.5, and (d) 2.0 Hz, respectively. Both the mean and standard deviations are labeled in each panel.
result from the complex source terms and other random effects 
(e.g., Zhao et al., 2013).

3. Results

3.1. QLg maps at individual frequencies

From inversion, the high-resolution broadband crustal attenua-
tion model for the SCB and surrounding areas was obtained at 58 
individual frequencies from 0.05 to 10.0 Hz. As examples, QLg slices 
at four selected frequencies, 0.5, 1.0, 1.5, and 2.0 Hz, are shown in 
Fig. 4a-4d. These attenuation maps reveal the average attenuation 
for the entire crust depth and include both scattering and intrinsic 
attenuations. The QLg values have similar patterns among differ-
ent frequency ranges. Strong Lg-wave attenuation with Q0 (QLg
at 1.0 Hz) lower than 200 can be found in the western margin 
of the SCB, such as in the Songpan-Ganzi block and Chuandian 
block. These regions have intensive crustal deformation and par-
tial melting in the middle and lower crust (Bai et al., 2010; He 
et al., 2021). The upwelling of the Hainan plume not only caused 
widely distributed Cenozoic alkaline basalts, but also dramatically 
increased the temperature of the crust, responding to strong atten-
uation observed in this region (e.g., Liu et al., 2017). Located at the 
intersection of double-slab subduction between the Eurasian and 
Philippine plates, Taiwan Island and its surrounding areas are un-
dergoing intensive tectonic deformations, which is characterized by 
strong attenuation (Q0 < 250) (e.g., Fan and Zhao, 2021). Compared 
with these surrounded active regions, the entire SCB is character-
ized by weak attenuation and higher QLg values (Q0 > 400), which 
is consistent with the high seismic velocity revealed by tomo-
graphic results and a stable tectonic environment (Han et al., 2022; 
Zhou et al., 2012). The NE–SW-trending QLg contours in the SCB 
4

almost precisely coincide with the Jiujiang-Shitai buried fault and 
Jiangshan-Shaoxing-Pingxiang fault, which mark different physical 
properties among the Jiangnan orogen, the Yangtze Craton, and the 
Cathaysia block (Shu et al., 2021). The high QLg observed in the 
western part of the Yangtze Craton, i.e., the Sichuan Basin, cor-
responds to a long-term stable block with a deep cratonic root 
(e.g., Hearn et al., 2008; Phillips et al., 2005). The relatively low 
QLg values around the southern and eastern parts of the Sichuan 
Basin may result from compressive deformation due to the east-
ward movement of the Sichuan Basin relative to the Yangtze Cra-
ton, which is also consistent with the conclusion from the velocity 
imaging (Zhou et al., 2012).

Our crustal Lg attenuation model has higher spatial resolution 
and covers a wider frequency range, but its major features are 
comparable with previous results (Chen and Xie, 2017; Hearn et 
al., 2008; Phillips et al., 2005). For example, Phillips et al. (2005)
applied an amplitude ratio tomography technique to obtain the re-
gional QLg for central and eastern Asia at 1.0 Hz. Their results show 
that the QLg values of the entire SCB are higher than 350, with the 
highest Q0 value (>650) in the Sichuan Basin and the Cathaysia 
block. Chen and Xie (2017) applied a singular value decomposition 
method to invert the Q0 model for the SCB. Their results show that 
the Cathaysia block is characterized by high Q0 values of approx-
imately 350∼800, where the Wuyishan terrane has the highest 
value (Q0 > 800) correlating to the Precambrian basement.

3.2. Tomographic QLg model appraisal

To assess both the reliability and resolving power of the re-
sulting QLg model, we conducted checkerboard tests and calculated 
uncertainties of QLg distributions at all 58 frequencies. Fig. 5 illus-
trates the path densities, retrieved QLg perturbations, and relative 
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Fig. 4. QLg maps at frequencies 0.5 (a), 1.0 (b), 1.5 (c), and 2.0 Hz (d), and a 3D topography map (e) for the SCB overlain by tectonic boundaries and faults (black lines). The 
red letters A, B, and C in (d) represent the Yunkai, Nanling, and Wuyishan terranes, respectively. Note that different color scales are used for different frequencies to capture 
the variations. The areas with low seismic ray coverage are cut off.
standard deviations (RSD) at four typical frequencies. In general, 
the reliability of tomography models depends significantly on the 
data coverage. The entire SCB is characterized by at least 1000 ray 
paths in each 1◦ × 1◦ grid cell (Fig. 5). In particular, in the Sichuan 
Basin, the ray density reaches to more than 2000 per grid space. 
Based on the high-density raypath coverage, we used a checkboard 
method to evaluate the spatial resolution of our tomography strat-
egy (e.g., Morgan et al., 2002). By creating a checkerboard QLg
model composed of 7% positive and negative perturbations over 
a background value, we generated a synthetic dataset based on 
actual sources, stations and ray paths (e.g., Zhao et al., 2013). 
Random noises with 5∼10% RMS fluctuations were added to the 
synthetic data to simulate the real data (e.g., He et al., 2021). 
Then, the noise-added synthetic data were used in the inversion. 
By investigating the inverted results (Fig. 5), the spatial resolution 
5

in the SCB can approach to 1◦ × 1◦ . We also examined the RSD 
of our tomographic QLg model using the bootstrapping technique 
(Efron, 1983). At a given frequency, 80% of ray paths were ran-
domly selected from the Lg dataset to establish 100 partial boot-
strap datasets, from which 100 QLg images were obtained. The RSD 
value between the QLg values from partial datasets and the QLg

value from the complete dataset can be statistically calculated at 
each location. Complete calculations for all locations in the image, 
an RSD map can be obtained as shown in Fig. 5. The RSD values 
lower than 6% across the entire SCB demonstrate the robustness of 
our tomographic results. Due to less dense raypath coverage, the 
marginal areas, such as regions surrounding the SCB, are charac-
terized by relatively large RSD values, but they are still lower than 
20%.
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Fig. 5. Raypath densities (left column), resolution analyses (middle column), and RSD values for QLg model uncertainty (right column) at frequencies 0.5 (a-c), 1.0 (d-f), 1.5 
(g-i), and 2.0 Hz (j-l). Note that the ray path densities include both single- and two-station data.
3.3. Broadband QLg images

Even though the QLg values have similar large-scale patterns 
over different frequencies, they show different details at individ-
ual frequencies. Therefore, we calculated average QLg values within 
a selected frequency band to better characterize regional attenu-
ations in geological units of different types. Here, we calculated 
the frequency dependence of mean QLg within a given geolog-
6

ical block, and then investigated variations of mean QLg versus 
frequency relations across different geological blocks (Fig. 6). The 
mean QLg values increase steeply with frequency at above 2.0 Hz. 
The strong frequency dependence may be resulted from scatter-
ing induced attenuation. Between 0.2 and 2.0 Hz, the mean QLg
values are more robust than at other frequencies in characteriz-
ing the regional attenuation variations. Therefore, we calculated 
the average QLg value between 0.2 and 2.0 Hz and used it to 
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Fig. 6. Comparison between frequency-dependent QLg models at different subregions. QLg versus frequency for selected blocks, with (a) the Cathaysia block, (b) the Sichuan 
Basin and (c) the Jiangnan orogen. The directly inverted QLg values at a given frequency are shown as gray crosses, along with their average values and logarithmic standard 
deviations (error bars). By fitting the QLg values between 0.2 and 2.0 Hz, power-law QLg models can be obtained and shown as black lines. (d) Frequency-dependent QLg

curves for all geoblocks in and around the SCB, in which the gray shaded area is enlarged and shown as (e). (f) Map showing the QLg distribution averaged between 0.2 and 
2.0 Hz.

Table 1
Lg attenuation, crust and heat flow parameters for individual geological blocks.

Geological block Crust modela Heat flow modelb Lg attenuation

Name Abbreviation Crust thickness (km) Sediment thickness (km) Heat flow (mW/m3) Q0 (1.0 Hz Q) Q (0.2∼2.0 Hz) η (0.2∼2.0 Hz)

Cathaysia block CB 30.3±1.5 0.03±0.07 70.2±11.6 642 (556-741) 607±74 0.06±0.03
Chuandian block CDB 42.1±2.6 0.41±0.64 74.3±17.0 199 (155-254) 214±58 0.05±0.04
Jiangnan orogen JNO 32.9±2.9 0.44±1.13 65.6±12.0 524 (429-640) 567±75 −0.16±0.04
Qinling-Dabie orogen QDO 38.3±6.0 0.25±0.66 58.8±12.9 397 (317-499) 427±69 −0.05±0.05
Sichuan Basin SB 41.4±2.6 7.12±1.30 53.7±8.4 418 (366-478) 424±38 0.16±0.05
Taiwan Island TW 31.0±9.0 0.58±0.26 118.8±100.9 274 (221-338) 332±15 −0.12±0.06
Yangtze Craton YZC 37.9±4.8 3.47±2.84 58.1±11.6 338 (252-454) 396±98 −0.10±0.05

a From CRUST 1.0 (Laske et al., 2013).
b From Mainland China heat flow (Jiang et al., 2019).
compare crust attenuation properties among geological blocks of 
different types (Fig. 6e). The lateral variations in the average QLg
map illustrate that the QLg patterns are generally similar to those 
at single frequencies and correlate well with regional tectonics. 
Since the QLg values were inverted independently at individual fre-
quencies, we further used the power law model Q ( f ) = Q 0 f η

to fit the Q ( f ) between 0.2 and 2.0 Hz and estimate the Q0
and the frequency-dependency parameter η. The η ranges from 
−0.116 to 0.159. In summary, the estimated crustal Q0, aver-
age QLg value, and η can be used to characterize the individual 
geoblocks, similar to commonly used parameters such as the aver-
age crustal thickness, sedimentary thickness, and surface heat flow 
(Table 1).

Using the frequency-dependent QLg cross-sections, we can ex-
plore crustal characteristics on both the large-scale structural 
variations and small-scale heterogeneities among different blocks 
(Fig. 7). If the scattering attenuation dominates the Lg-wave at-
tenuation, the frequency absorbing band provides information re-
garding the scale of heterogeneities, that is the higher frequency 
corresponds with the smaller scatters (e.g., Sato et al., 2012; Wu 
et al., 2000). Thus, the QLg within a certain frequency band may 
provide information regarding the corresponding scales of hetero-
geneities. The frequency profile crossing the Longmenshan fault 
shows a prominent boundary between the Tibetan Plateau and 
7

the SCB, which is characterized by a steep QLg gradient turning 
from the low-QLg Tibetan Plateau to the high-QLg SCB sharply 
(Figs. 6f, 7a, and 7b). The steep gradient may reflect a strong inter-
action between the eastern margin of the Tibetan Plateau and the 
Yangtze Craton. Strong attenuation (low QLg) between 0.05 and 3.0 
Hz beneath the western margin of the Yangtze Craton can be at-
tributed to extensive partial melting and/or lower crustal flow due 
to strong deformation by southeast extrusion outward from the Ti-
betan Plateau (Figs. 7c and 7d) (e.g., Bai et al., 2010; Tapponnier 
and Molnar, 1976). As the largest strike-slip fault in eastern China, 
the Tanlu fault cuts through the lithosphere, acting as a major 
channel for asthenospheric upwelling, which is characterized by 
strong attenuation between 0.5 and 1.5 Hz (Fig. 7a) (e.g., Chen et 
al., 2006). The SCB is characterized by weak crustal Lg attenuation 
and relatively small lateral variations among different sub-blocks, 
correlating with other geophysical observations (e.g., Han et al., 
2022; Zhang et al., 2015) (Fig. 7). However, relatively low-QLg be-
tween 0.5 and 5.0 Hz can be observed beneath the Yangtze craton, 
whereas the Cathaysia block is characterized by high-QLg within 
this frequency band (Figs. 7b and 7c). Note that local attenuation 
variations can be observed between the Jiangnan orogen and the 
Cathaysia block within the SCB (Figs. 7c and 7d). Due to the thick 
sedimentary layers, the Sichuan Basin is featured by low QLg at 
frequencies less than 0.2 Hz (Fig. 7c) (e.g., He et al., 2021; Mitchell 
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Fig. 7. Cross-sections showing surface topography (upper), crust and uppermost mantle structures and the seismicity (middle), and QLg versus frequency profiles for latitudes 
(a) 32.5◦N, (b) 30◦N, (c) 27.5◦N, (d) 25◦N, and (e) 22.5◦N. Their locations are marked with red lines in the regional map (f). The map is also overlain by geological blocks, 
major faults, Moho depth (blue) from CRUST 1.0 (Laske et al., 2013), and earthquakes (red dot) with magnitudes higher than 2.5 and occurred between 2000 and 2018. The 
abbreviations are the same as those in Fig. 1.
and Hwang, 1987). Small-scale strong attenuation areas at high 
frequencies between 5.0 and 10.0 Hz often exist near some fault 
belts, such as the Jianshan-Shaoxing-Pingxiang fault (Fig. 7c) and 
8

the Zhenghe-Dapu fault (Fig. 7e), which are probably related to the 
scattering attenuation caused by small-scale heterogeneities (e.g., 
Wu et al., 2000). Low frequency high QLg values are broadly existed 
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beneath the SCB, indicating some large-scale crystalline basement 
in the lower crust.

4. Discussion

4.1. Origin of high QLg in the Cathaysia block

Crustal QLg depends on physical, chemical, lithological and min-
eralogical properties of the crust, and hence closely relates to fac-
tors including the rock age, rheology strength, thermal status, de-
gree of heterogeneity, and crust thickness (e.g., Fan and Lay, 2002; 
Zhang and Lay, 1995). Therefore, the high QLg in the Cathaysia 
block may reflect crustal features, such as ancient materials, low 
temperatures, material homogeneity, stability, thick crust and/or 
high rheological strength.

The surface heat flow in the Cathaysia Block was observed to 
be approximately 69.4±11.0 mW/m2, which is higher than the av-
erage global continental heat flow value of 65±1.6 mW/m2 (e.g., 
Jiang et al., 2019). This is obviously inconsistent with the high 
QLg value in this region. Zhang et al. (2018) suggested that the 
high temperatures in the shallow crust result from the heat pro-
duced by the decay of the radioactive elements in the granite 
and that the overall crustal temperature is low. By using numer-
ical modeling, Sun et al. (2013) obtained a 3D thermal structure 
model for Mainland China and adjacent regions and suggested 
that the temperature is approximately 600 ◦C at the Moho of the 
SCB, indicating a typical thermal state for the Precambrian craton 
compared with high temperatures (>800 ◦C) beneath orogens or 
plate boundary zones. However, the mantle lithosphere beneath 
the Cathaysia block shows relatively high temperatures at a depth 
of 60 km (Sun et al., 2013). Therefore, it is difficult to say the high 
QLg in the Cathaysia block is due to low temperatures.

To investigate how the crustal thickness affects the QLg, we cal-
culated average QLg values and crustal thicknesses for individual 
geological blocks. Because the low-frequency Lg-waves are more 
sensitive to the crustal thickness (e.g., Zhang and Lay, 1995), the 
QLg values between 0.2 and 1.0 Hz were adopted to investigate the 
relationship between the attenuation and crustal thickness (Fig. 8) 
(Zhao et al., 2013; Zhao and Xie, 2016). In general, the theoretical 
prediction suggests that the thicker the crust is, the more Lg-wave 
overtones can be transmitted and hence the Lg-wave can be more 
efficiently propagated (Zhang and Lay, 1995). Therefore, thicker 
crust results in higher QLg value. As indicated by green colored 
area in Fig. 8, observations from East Asia confirm this relation. 
However, when an area is tectonically very active or very stable, 
such a relationship may be affected, as can be seen the Tibetan 
Plateau has very low QLg and very thick crust while some blocks 
in the SCB have very high QLg but relatively thin crust (Fig. 8). This 
indicates that, compared to the crustal thickness, tectonic activity 
is a more dominant factor controlling the QLg value (Zhao et al., 
2013; Zhao and Xie, 2016). Nowadays, the Cathaysia block is a sta-
ble and rigid block without any obvious internal velocity gradient 
and deformation based on GPS data (Wang and Shen, 2020). Un-
der the stable tectonic environment, fluids in the faults and cracks 
are lost or absorbed due to migration to the surface or retrograde 
metamorphism, which results in the closure of the faults and fur-
ther increases the Q values (e.g., Mitchell, 1995). Also, within a 
stable block, there is less tectonic activated hydrothermal release 
which would increase the Q values (e.g., Mitchell, 1995). On the 
other hand, the crustal thinning and reworking may increase the 
strength of the Cathaysia block and lead to high QLg values (Deng 
and Tesauro, 2016; Hearn et al., 2008). The Paleo-pacific subduc-
tion caused an extensional environment in the Cathaysia during 
the Mesozoic, and hence asthenosphere upwelling occurred, induc-
ing partial melting of the Proterozoic basement and underplating 
of mantle-derived magmas, which strongly changed the physical 
9

Fig. 8. The average QLg values between 0.2 and 1.0 Hz versus average crust thick-
ness for selected geological blocks. The symbols are listed in Table S2. The black 
dashed line represents linear regression between QLg and crust thickness. Note that 
the geological blocks in green area obey the theoretical positive relationship be-
tween QLg and crustal thickness, whereas others strongly break up the theoretical 
prediction, where the CB and JNO in the blue area are characterized by extremely 
high strength, and the geological blocks in the pink region are tectonically active.

property and composition of the lower crust (e.g., Chen et al., 
2022a; Wang et al., 2013). After cooling and solidification, these 
Mesozoic intrusive rocks and mixed mantle peridotites crystallized 
as the high-strength basement in the crust, which significantly 
reduce the crustal heterogeneity, increase the wave propagation 
efficiency, and therefore increase the QLg for the Cathaysia block 
(e.g., Hearn et al., 2008). The large scale high-QLg region between 
0.1 and 0.5 Hz beneath the SCB may correspond with these re-
worked crystalline basement (Fig. 7). Therefore, the high QLg values 
in the Cathaysia block can be attributed to its extremely stable 
environment and rigid crust, which are also supported by other 
observations, such as relatively high P- and S-wave velocities (e.g., 
Han et al., 2022; Zhang et al., 2013), very high resistivity (e.g., Yin 
et al., 2021; Zhang et al., 2020), and elevated strength (Deng and 
Tesauro, 2016). Exceptionally, the Sichuan basin is a stable Archean 
craton with a thick lithospheric root but, compared to other similar 
structure, it has a relatively lower QLg value at lower frequencies 
(Fig. 7b and 8), which is likely due to the very thick sedimentary 
layers in the basin which strongly attenuated the Lg-wave propa-
gation (e.g., He et al., 2021; Mitchell and Hwang, 1987).

Even though the crust was strongly reworked and much of the 
Precambrian geological records were obscured after multiple stages 
of Phanerozoic tectonic evolution, the isotope ages for detrital and 
xenolith zircons in sediments and igneous rocks reveal that the un-
exposed Paleoproterozoic or the Archean basement is likely buried 
beneath the Cathaysia block (e.g., Yu et al., 2009; Zhang and Zheng, 
2013; Zheng et al., 2011). These potential unexposed ancient ma-
terials may also contribute to the high-QLg for the Cathaysia block 
(e.g., Mitchell, 1995). Therefore, the ancient basement in the deep 
crust and the remelted crystallized rocks in the Mesozoic may 
combine together to create a rigid and stable crust that features 
a high QLg Cathaysia block.

4.2. Ancient continental relicts within the crust of the SCB

It is widely accepted that the Yangtze Craton is consisted of an 
Archean-Paleoproterozoic crystalline basement overlain by shallow 
crust partially reworked in the Phanerozoic (e.g., Zhao and Ca-
wood, 2012; Zheng et al., 2006). The Precambrian basement rocks 
are sparsely exposed in the Cathaysia block and were therefore 
considered a Paleozoic fold belt rather than an old block (e.g., 
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Fig. 9. Combined cross-sections along four potential ancient continental relicts in the SCB, including surface topography (a), percentage QLg perturbations versus frequency 
between 2.0 and 5.0 Hz (b), and between 0.2 and 2.0 Hz (c), S-wave velocity (Han et al., 2022) (d), a schematic interpretation of the relation between the attenuation and 
current day crust structure (e), and surface locations of the profile (red lines in (f)). The black contours in (c) and (d) denote the 7% and 9% QLg perturbations against a 
background QLg at individual frequencies, respectively. The ancient continental relicts beneath the SCB inferred from the attenuation model are indicated by green shaded 
areas in (e), and also circled by dashed lines in (f), with their ages labeled. The orange-colored areas in (f) represent the ancient continental fragments suggested by Shu 
(2006). The abbreviations are NL, Nanling; WY, Wuyishan; and YK, Yunkai. Other abbreviations are the same as those in Fig. 1.
Ma, 2006). Recently, by using the dating of detrital and xenocrys-
tic zircons, geochronological studies revealed the existence of un-
exposed Archean-Paleoproterozoic crust underneath the Cathaysia 
block (e.g., Xu et al., 2005; Yu et al., 2010). The high QLg val-
ues we observed in the Cathaysia crust also imply that Archean-
Paleoproterozoic continental fragments exist in the current crust.

Based on four high-QLg zones in the SCB, the potential loca-
tions of ancient continental relicts can be determined, with one 
beneath the Sichuan Basin and the other three in the Cathaysia 
block (Figs. 4c and 4d). These four zones are mainly reflected in the 
high frequency (>1.0 Hz) attenuation maps (Figs. 4 and 9). Dense 
ray coverage of Lg-waves permits us to obtain a high-resolution to-
mographic model to better constrain horizontal locations of these 
ancient continental relicts. The Lg wave samples the entire crust. 
Even though it does not have the depth resolution in the crust, 
combining with velocity tomographic models, which has relatively 
higher vertical resolution within the crust, we can roughly esti-
mate the depth of these ancient continental relicts (e.g., Han et al., 
2022; Li et al., 2022; Wu et al., 2000). Several zones with S-wave 
velocity greater than 3.6 km/s can be observed at depths between 
10
5 and 15 km in the velocity profile, which roughly correspond to 
the extremely high QLg regions between 2.0 and 5.0 Hz in the 
Cathaysia block (Fig. 9b and d). Relatively low QLg region around 
2.0 Hz may correspond with these low S-wave velocity zones in 
the middle crust (∼15-20 km). These low-velocity zones may be 
caused by the multi-phase magmatic events (Li et al., 2022) or 
the formation of compositional and structural layering in the tec-
tonic quiescence period during the late Neoproterozoic to the early 
Phanerozoic (Chen et al., 2022b). Therefore, the ancient continental 
relicts likely located in the upper crust of the Cathaysia block. In 
contrast, the high QLg region observed at relatively low frequency 
between 0.2 and 1.0 Hz may correspond to the homogeneous base-
ment in the crust, which is consistent with high S-wave velocities 
of approximately 4.0∼4.2 km/s in the lower crust. The reworked 
and crystallized lower crust may contribute to the high QLg in 
the lower frequency in the Cathaysia block, which is consistent 
with the strengthening seismic reflection in the lower crust and 
a felsic crustal composition with Vp/Vs of about 1.74 in this re-
gion (Chen et al., 2022a; Hearn et al., 2008; Li et al., 2022; Zhang 
et al., 2013). However, the reworking degree may vary based on 
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the observed laterally varying Vp/Vs ratios across the Cathaysia 
block (Chen et al., 2022a; Li et al., 2022). Compared with the 
coastal terrane characterized by intensive magmatic underplating 
and voluminous mantle influx, the interior terrane of the Cathaysia 
block shows relatively weak magmatic modification and is con-
sidered mainly as a Neoproterozoic amalgamation terrane (Dong 
et al., 2020). Therefore, based on the extremely weak attenuation 
there, the ancient continental relicts are mainly concentrated in 
the inland area of the Cathaysia block (Shu, 2006) (Fig. 4c, 4d, and 
9f). Thus, the inland part of the Cathaysia block can be composed 
of highly evolved Precambrian continental materials in the upper 
crust, and reworked crystalline basement in the middle and lower 
crust (Fig. 9e).

The Sichuan Basin is covered by a roughly 10 km thick sedi-
mentary layer (Laske et al., 2013), which can obscure early geolog-
ical records from the Proterozoic basement. However, Archean and 
Paleoproterozoic basement rocks are exposed around the Sichuan 
Basin (e.g., Wang et al., 2018; Zhao and Cawood, 2012). There-
fore, the ancient crystalline basement with ages 2.6 Ga or older 
beneath the Sichuan Basin is likely unexposed (e.g., Wang et al., 
2018; Zheng et al., 2006). The ancient continental nucleus in the 
Sichuan Basin, featuring a low rate of seismicity, low strain rate 
(<2.0×10−9/year), and low heat flow (∼53 mW/m2), is a rigid and 
cold tectonic block without obvious deformation (e.g., Jiang et al., 
2019; Wang and Shen, 2020). As a long-term stable craton, the 
Sichuan Basin is characterized by high velocity (Han et al., 2022; 
Zhou et al., 2012), weak attenuation (e.g., Phillips et al., 2005), and 
high resistivity (>1000 �·m) (e.g., Zhang et al., 2015). Deng et al. 
(2021) observed extremely weak teleseismic body-wave attenua-
tion with �t∗

p < −0.1 for the lithosphere-asthenosphere system in 
the Sichuan Basin. Hearn et al. (2008) used seismic amplitude to-
mography to estimate the weak crustal attenuation to correspond 
with high Q0 greater than 1000 in this region. Our Lg attenuation 
model shows extremely weak attenuation with over 7% positive 
QLg perturbation based on the background QLg values on the log-
arithmic scale between 2.0 and 5.0 Hz, which may better charac-
terize the Archean continental nucleus beneath the Sichuan Basin 
(Fig. 7b). The Sichuan Basin is dominated by intermediate to mafic 
rocks and thick cratonic mantle root, and is tectonically stable (e.g., 
Chen et al., 2022a). Therefore, it is similar to the Ordos basin and 
may also be formed by thick trapped oceanic plateaus (Kusky and 
Mooney, 2015).

The Wuyishan terrane in the Cathaysia block is considered an 
ancient continental nucleus due to the oldest Precambrian base-
ment rocks (∼1.8 Ga) exposed in the northern Wuyishan terrane 
(e.g., Shu et al., 2021). Yu et al. (2009) suggested that the Wuyis-
han terrane is a long-lived remnant of the old craton that has sur-
vived for at least one billion years given the abundant Archean in-
herited zircons (2.5∼2.7 Ga) in the Paleoproterozoic rocks. A deep 
seismic reflection profile across the Wuyishan terrane reveals the 
existence of a high-strain Proterozoic basement based on abundant 
reflections in the crust (Dong et al., 2020). Chen and Xie (2017) ob-
tained a weak attenuation region with Q0 values higher than 800 
in the Wuyishan terrane. From the broadband Lg attenuation ob-
tained in this study, the Wuyishan terrane is also characterized by 
weak attenuation with over 7% positive QLg perturbation on the 
logarithmic scale, which is similar to that in the Sichuan Basin and 
corresponds to the Paleoproterozoic or even Archean continental 
fragments in the crust.

However, the surface Precambrian rocks in the Nanling and 
Yunkai terranes consist only of Neoproterozoic igneous rocks (∼0.9 
Ga) without Archean to Paleoproterozoic basement outcrops (e.g., 
Yu et al., 2010; Zhao and Cawood, 2012). Unexposed Archean base-
ment rocks likely underlie these two terranes from the detrital and 
xenocrystic zircons (e.g., Zhang and Zheng, 2013). The zircon xeno-
liths from the Mesozoic basalts in the Yunkai area contain numer-
11
ous ancient crustal components with several stages of reworking, 
implying the existence of a highly evolved unexposed Archean-
Paleoproterozoic basement (e.g., Li et al., 2018). In the Nanling 
range, Xu et al. (2005) reported the presence of Archean zircons 
in Mesoproterozoic gneiss and Devonian sedimentary rocks, and 
suggested that the central parts of the Cathaysia block contain 
Archean microcontinental fragments. The age distribution and el-
emental geochemical features of the zircons are similar to those 
obtained from the nearby sedimentary rocks, which conversely 
better constrain the source of the zircons (Li et al., 2018; Xu et 
al., 2005). However, these zircons may experience multiple cycles 
and travel long-distance from unknown blocks that were once con-
tiguous to the Cathaysia block, because the Archean zircons are 
usually oval with complex textures (Li et al., 2014). Thus, the an-
cient continental fragments in the Yunkai and Nanling terranes are 
of at least early Neoproterozoic age according to the surface ex-
posed rocks (Shu et al., 2021). The high resistivity (>2000 �·m) in 
the Nanling and Yunkai terranes from the surface to depths greater 
than 150 km may result from a dry or low-water-content environ-
ment, which matches the rheological characteristics of the cratonic 
lithosphere (Yin et al., 2021; Zhang et al., 2020). Similar to both 
the Sichuan Basin and the Wuyishan terrane, these regions are 
characterized by extremely weak attenuation with 7% positive QLg
perturbation on the logarithmic scale and reveal the unexposed 
Precambrian continental relicts in the current crust (Fig. 9b).

Lithologic, chronological, and geochemical data from the Pre-
cambrian basement suggest that the Cathaysia block might have 
been assembled by multiple blocks or arcs from different tectonic 
domains in an accretionary subduction environment rather than 
existing as a unified block during the early Neoproterozoic (Wang 
et al., 2014; Yao et al., 2017; Yu et al., 2010). The three extremely 
high-QLg regions provide the approximate locations for the Pre-
cambrian sub-blocks making the Cathaysia block. Considering the 
age and composition of the Precambrian outcrops, Shu et al. (2021)
suggested that the Cathaysia block was likely assembled by west-
ern expansion from the Wuyishan to the Nanling and Yunkai ter-
ranes in the Neoproterozoic. Yao et al. (2019) suggested that the 
Jiangnan orogen is an accretionary orogenic belt, which consists 
of three distinct tectonostratigraphic arc-trench-basin assemblages 
during the Neoproterozoic, including the northeast, the central, 
and the southwest domains. Corresponding with three distinct tec-
tonic domains in the Jiangnan orogeny, the three sub-blocks in 
the Cathaysia block may accrete and collide along the margin of 
the Yangtze Craton under a series of convergent plate margin arc 
systems during the Neoproterozoic. The accretion and subduction 
environment in the Neoproterozoic period may respond to an ex-
ternal position for the SCB in Rodinia (Cawood et al., 2020, 2017).

5. Conclusions

We developed a broadband Lg-wave attenuation model for the 
SCB and surrounding regions between 0.05 and 10.0 Hz. The res-
olution is approximately 1◦ . The QLg distributions correlate well 
with regional tectonics. The entire SCB is characterized by weak at-
tenuation, which implies a tectonically stable environment. In con-
trast, strong Lg-wave attenuations were observed in certain sur-
rounding areas, such as the Songpan-Ganzi block, Chuandian block 
and Taiwan, where strong tectonic activities and partial melting 
may have occurred. Four areas with extremely weak attenuation 
likely relate to an Archean nucleus of the Yangtze Craton beneath 
the Sichuan Basin, and three Precambrian continental fragments 
within the crust of the Cathaysia block. Based on surface litholog-
ical evidence, these Precambrian continental relicts have different 
ages and hence suggest that the SCB was located along the exter-
nal margin of the Rodinia supercontinent.
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